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Using the photopigment melanopsin, intrinsically
photosensitive retinal ganglion cells (ipRGCs)
respond directly to light to drive circadian clock
resetting and pupillary constriction. We now report
that ipRGCs are more abundant and diverse than
previously appreciated, project more widely within
the brain, and can support spatial visual perception.
A Cre-based melanopsin reporter mouse line re-
vealed at least five subtypes of ipRGCs with distinct
morphological and physiological characteristics.
Collectively, these cells project beyond the known
brain targets of ipRGCs to heavily innervate the
superior colliculus and dorsal lateral geniculate
nucleus, retinotopically organized nuclei mediating
object localization and discrimination. Mice lacking
classical rod-cone photoreception, and thus entirely
dependent on melanopsin for light detection, were
able to discriminate grating stimuli from equiluminant
gray and had measurable visual acuity. Thus,
nonclassical retinal photoreception occurs within
diverse cell types and influences circuits and func-
tions encompassing luminance as well as spatial
information.
INTRODUCTION
A small percentage of mammalian retinal ganglion cells contain
the photopigment melanopsin and are capable of autonomous
phototransduction (Berson et al., 2002; Hattar et al., 2002; Pro-
vencio et al., 2000; Provencio et al., 2002). These intrinsically
photosensitive retinal ganglion cells (ipRGCs) combine their
direct, melanopsin-based photoresponses with signals derived
from rods and cones and convey these directly to a subset of
retinal targets in the brain. The ipRGCs mediate a variety of
physiological responses to ambient light, such as circadianphotoentrainment and the pupillary light reflex (Guler et al., 2008;
Hatori et al., 2008; Lucas et al., 2003; Panda et al., 2002; Ruby
et al., 2002).
Melanopsin-expressing ipRGCs were previously considered
to be a homogenous cell population, with sparsely branched
dendritic arbors stratifying in the outermost sublamina of the
inner plexiform layer (IPL) (Berson et al., 2002; Hattar et al.,
2002; Provencio et al., 2002). Subsequent work revealed
morphological and functional diversity among ganglion cells
expressing melanopsin or exhibiting intrinsic photosensitivity
(Baver et al., 2008; Dacey et al., 2005; Sekaran et al., 2003;
Tu et al., 2005; Viney et al., 2007). A second type of melanopsin-
expressing ipRGCs has a monostratified dendritic arbor in the
inner part of the IPL. First discovered in primate retina (Dacey
et al., 2005), these cells have also been observed in rodents,
where they are termed M2 or type II cells to distinguish them
from the originally characterized, outer-stratifying M1 or type I
cells (Baver et al., 2008; Hattar et al., 2006; Provencio et al.,
2002; Schmidt and Kofuji, 2009; Viney et al., 2007). Indirect
evidence suggests that M2 ipRGCs share some central targets
with M1 cells, including the suprachiasmatic nucleus (SCN)
and olivary pretectal nucleus (OPN) (Baver et al., 2008; Guler
et al., 2008; Hattar et al., 2006). Other variants of ipRGCs have
been reported, some with cell bodies displaced to the inner
nuclear layer and others with bistratified dendritic arbors (some-
times called ‘‘type III cells’’ and here termed M3 cells) (Hattar
et al., 2002; Provencio et al., 2002; Schmidt and Kofuji, 2009;
Schmidt et al., 2008; Viney et al., 2007). The photosensitivity
and brain projections of these newer cell types are less well char-
acterized than those of M1 ipRGCs. The identification of new
subtypes of melanopsin cells raises the prospect that the ipRGC
retinal diversity extends to new innervation of brain targets for
supporting other light-dependent physiological functions.
RESULTS
To characterize the diversity of melanopsin cells in morphology,
electrophysiology, and brain targets, we made knock-in mice
(Opn4Cre) that express the Cre recombinase in place of the
melanopsin (Opn4) open reading frame (Figures S1A and S1B).Neuron 67, 49–60, July 15, 2010 ª2010 Elsevier Inc. 49
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Figure 1. Cre-Mediated Recombination
with Z/AP and Z/EG Reporters Labels
Melanopsin-Expressing Ganglion Cells
(A) Alkaline phosphatase staining of a vertical
retinal section from an Opn4Cre/+; Z/AP mouse
reveals ganglion cells and their dendrites in both
the ON and OFF sublaminae of the IPL.
(B) Opn4Cre/+; Z/EG retinal whole mount showing
intrinsic GFP fluorescence signal in several retinal
ganglion cells.
(C–E) Double immunofluorescent labeling of
ganglion cells with antibodies against alkaline
phosphatase (C) and melanopsin (D).
(F–H) Double immunolabeling of ganglion cells by
antibodies against green fluorescent protein (F)
and melanopsin (G). A few rod and cone cells
labeled by the Cre reporter are visible in the
ONL in (C), (E), (F), and (H), but these cells lack
melanopsin immunoreactivity. ONL, outer nuclear
layer; OPL, outer plexiform layer; INL, inner nuclear
layer; IPL, inner plexiform layer; GCL, ganglion
cell layer. Scale bars, 20 mm.
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Diversity of ipRGCs and Role in Pattern VisionThe Opn4Cre system allows the manipulation of loxP-flanked
target genes selectively in melanopsin-expressing cells (Hatori
et al., 2008). To visualize cells that express the CRE protein,
we mated Opn4Cre mice to one of two Cre-dependent reporter
lines that use the same strong promoter (b-actin promoter and
CMV enhancer; CAG) to drive the reporter gene expression
(Figures S1C and S1D). Cre-mediated recombination triggers
expression of placental alkaline phosphatase in one of these
lines (Z/AP; Lobe et al., 1999) and expression of enhanced green
fluorescent protein (EGFP) in the other line (Z/EG; Novak et al.,
2000). In both reporter lines, a small percentage of ganglion cells
were labeled with the reporter protein (Figures 1A and 1B) and
labeled dendrites arborized both in the inner and outer sublami-
nae of the IPL (Figure 1A), as expected from the laminar dis-
tribution of melanopsin protein (Provencio et al., 2002). Since
similar knock-in strategies have successfully expressed several50 Neuron 67, 49–60, July 15, 2010 ª2010 Elsevier Inc.transgenes in ipRGCs (Guler et al., 2008;
Hattar et al., 2002), it is not surprising that
the majority of melanopsin-immunoreac-
tive cells expressed the reporter proteins,
indicating that the reporter line consis-
tently identifies melanopsin-expressing
cells (Figure 1C–1H). However, many
ganglion cells lacking melanopsin immu-
noreactivity also expressed the marker,
as observed in a previous publication
using another Opn4Cre line (Hatori et al.,
2008). The total number of cells express-
ing the reporter proteins greatly ex-
ceeded prior estimates of melanopsin-
expressing neurons. For example, in
Opn4Cre/+; Z/AP mice, we counted
2058 ± 141 cells per retina (n = 4), two to
three times more cells than exhibit anti-
melanopsin immunostaining (Lin et al.,
2008; Robinson and Madison, 2004) orexpress a tau-LacZ reporter gene from the melanopsin locus
(Hattar et al., 2002, 2006).
Whole-cell patch-clamp recordings of EGFP-positive ganglion
cells in Opn4Cre/+; Z/EG mice, in the presence of synaptic
blockers, revealed that nearly all (46 of 51 cells tested; 90%)
were intrinsically photosensitive (Figures 2 and S2), even when
they lacked detectable melanopsin immunoreactivity (Figures
2H and 2I). Under pharmacological blockade of retinal synapses,
these cells exhibited sluggish, persistent light responses, char-
acteristic of melanopsin-based phototransduction (Wong et al.,
2005, 2007). A small minority of EGFP-labeled cells lacked
demonstrable intrinsic photosensitivity (5 of 51 cells; 10%), but
exhibited brisk synaptically driven light responses (data not
shown). Such cells either may have leaky expression or may
have transiently expressed melanopsin during development;
this would have triggered permanent expression of the marker
Figure 2. Diversity of Morphology and
Intrinsic Light Responses of Ganglion Cells
GFP in the Opn4Cre/+; Z/EG Mouse
(A–C) Intracellular dye filling of representative
examples of three subtypes of ipRGCs targeted
by their GFP fluorescence in vitro, an M1 cell (A),
an M2 cell (B), and an M4 cell (C). All three of these
cells were intrinsically photosensitive, as shown by
the whole-cell voltage-clamp recordings below
(J–L), obtained during pharmacological blockade
of retinal synapses. Light pulse was 20 s. Each
trace in a given panel shows the response to
a different light intensity. Values at left are the
number of log units of attenuation in stimulus
intensity from the maximal (‘‘0 log’’; 2.3 3 1013
photons cm2 s1). Light-evoked currents were
much larger in the M1 cell (J) than in the M2 cell
(K) or M4 cell (L); they also returned more quickly
to baseline after the stimulus. Fast downward
deflections are presumed action currents resulting
from incomplete voltage clamp. (D–I) Immunofluo-
rescence (dotted circle) formelanopsin (E, G, and I)
and Lucifer yellow-injected cells (D, F, and H) show
that M1 and M2 cells that are used for recording
are melanopsin positive, whereas the M4 cell (C,
H, I, and L) despite showing an intrinsic photores-
ponse lacked detectable melanopsin immunofluo-
rescence. Note that this figure is optimized to
highlight the recorded cells and hence some mel-
anopsin-positive cells appear to lack GFP labeling
(>95% of melanopsin-positive cells express GFP).
Top trace in (J) slightly retouched to eliminate elec-
trical artifact from series resistance test conducted
well after the light response. Scale bars in (A)–(C),
100 mm; (D)–(I), 20 mm.
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Diversity of ipRGCs and Role in Pattern Visionproteins, since after Cre-mediated excision of the stop codon,
marker protein expression is regulated solely by the promoter
of the reporter transgene (Figures S1C and S1D).
We also detected the marker proteins in a small percentage of
rods and cones; these were melanopsin immunonegative
(Figures 1C–1H). Their labeling by the marker proteins could be
either due to leaky or transient expression of Cre or because
the Cre system is more sensitive than immunohistochemistry
for detecting melanopsin expression. The finding may be linked
to melanopsin-like immunoreactivity in a very few human cones
(Dkhissi-Benyahya et al., 2006).
We used dye filling to visualize the morphology of the reporter-
labeled cells that were intrinsically photosensitive. Labeled cells
included not only the previously characterized M1 and M2
ipRGCs, but also several new morphologically distinct ganglionNeuron 67, 4cell types (Figure 2 and S2). M1 ipRGCs
had sparsely branching monostratified
dendritic ramifications in the outermost
IPL, had an average dendritic field
diameter of 350 ± 87 mm (mean ± SD;
n = 12), and cell body diameter of 15.6 ±
2.4 mm (n = 7; Figure 2A). M2 ipRGCs
had relatively large radiate dendritic
arbors (Figure 2B) stratifying within theinner half of the IPL (ON sublayer). Dendritic field diameters
(324 ± 30 mm; mean ± SD; n = 4) were similar in size to those
of M1 ipRGCs, but the arbors were more orderly, with more
regular branching angles and more uniform dendritic density
within the field (Figure 3A). The cell bodies of M2 ipRGCs
were slightly larger on average than those of M1 cells (17.4 ±
1.7 mm; n = 5). All M1 and M2 ipRGCs tested were melanopsin
immunopositive (Figures 2D–2G; n = 15 M1 and 11 M2). Though
both subtypes invariably exhibited an intrinsic light response
(Figures 2J and 2K), the response in M1 ipRGCs was an order
of magnitude larger than that of the M2 ipRGCs with a shorter
latency to peak (Figures 2J, S3A, and S3B), confirming an earlier
report (Schmidt and Kofuji, 2009).
We encountered at least two additional subtypes of intrinsi-
cally photosensitive cells among the EGFP-positive ganglion9–60, July 15, 2010 ª2010 Elsevier Inc. 51
Figure 3. Differences in Soma Size,
Dendritic Field Diameter, Total Branch-
points, and Dendritic Length of M2 and M4
ipRGCs
(A) Six Lucida drawings of representative M2 and
M4 ipRGCs.
(B) Total dendritic branch length (TDBL) versus
soma size of M2 and M4 cells (numbers are in
micrometers, TDBL: M2; 1553 ± 428, M4; 4584 ±
1465, soma size: M2; 15.7 ± 2.2, M4 20.1 ± 2.2).
(C) Dendritic field diameter versus total dendritic
branchpoints of M2 and M4 cells (total branch-
points: M2; 14.3 ± 4.4, M4; 37.8 ± 9.6, dendritic
field diameter (mm): M2; 243 ± 39.9, M4; 301 ±
35.4). Open circles areM2 ipRGCswhile black dia-
monds are M4 ipRGCs. Range is provided as
average ± standard deviation.
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Diversity of ipRGCs and Role in Pattern Visioncells that were melanopsin immunonegative (Figures 2H and 2I
and Figure S2; data not shown). One type resembled an ON
alpha ganglion cell (Figure 2C, n = 6), with a large soma (17.1–
22.3 mm diameter; n = 3) and a large radiate dendritic arbor
(302–444 mmdiameter; n = 3) monostratifying in the ON sublayer.
These cells exhibited weak intrinsic light responses (Figure 2L;
peak photocurrent of 18.5 ± 11.4 pA; n = 4). We provisionally
term these alpha-like cells ‘‘M4,’’ (reserving ‘‘M3’’ for the bistra-
tified ipRGCs). The second type of EGFP-positive but melanop-
sin-immunonegative ipRGC also stratified in the ON sublayer of
the IPL but could be distinguished from both M2 and alpha-like
M4 ipRGCs by its relatively compact, highly branched dendritic
arbor (Figure S2A; diameter: 149–217 mm; n = 3). Of the eight
cells of this group that were tested, seven were intrinsically
photosensitive, although as with the M2 and M4 ipRGCs, these
responses were much weaker (peak photocurrents 12.9 ± 4 pA,
Figure S2B) than those of M1 ipRGCs. We provisionally term
these smaller field bushy type neurons ‘‘M5 cells.’’
The M2 and M4 ipRGCs are the least readily distinguished,
because both have large radiate dendritic arbors stratifying in
the ON sublayer. To clarify the morphological distinctions
between them, we filled dozens of EGFP-positive RGCs by intra-
cellular dye injection with sharp electrodes, an efficient method
for high-quality filling. We reconstructed the somadendritic
profiles of all well-filled cells with wide-field dendritic arbors
limited to the inner IPL (thus excluding M1, M3 [bistratified],
and M5 cells). Dye filled cells could be readily divided into M2
and M4 subtypes (Figure 3). Drawings of representative exam-
ples show that M2 cells had dendritic arbors that were sparser
and slightly smaller than those of M4 cells (Figure 3). By compar-
ison with M4 cells, M2 cells had fewer branchpoints (Figure 3C),
less total dendritic length (Figure 3B), and smaller dendritic-
field diameters (Figure 3C). Their axons also appeared consis-
tently finer than those of M4 cells.
We encountered three additional EGFP-positive cells that
were intrinsically photosensitive but lacked detectable melanop-
sin immunoreactivity. These were not easily grouped with any of
the subtypes described above; all had relatively weak intrinsic52 Neuron 67, 49–60, July 15, 2010 ª2010 Elsevier Inc.light responses (<20 pA) and bushy, highly branched dendrites.
Our failure to detect melanopsin in these unclassified cells or in
the M4 and M5 ipRGCs is presumably because their expression
of the pigment is very low and because both the Cre labeling
system and electrophysiological recordings of photoresponses
detect it with greater sensitivity than does immunofluorescence.
All of the ipRGC cell types also exhibited synaptically medi-
ated excitatory influences from rods and/or cones, as reflected
by brisk light responses that were abolished by blockade
of ionotropic and metabotropic glutamate receptors (Figures
S3C–S3F).
In order to trace the axons of the new types ofmelanopsin cells
to their brain targets, we used theOpn4Cre/+; Z/APmouse, which
uses the same promoter as the Z/EG line (Figures S1C and S1D).
Placental alkaline phosphatase (AP) is expressed in the plasma
membrane of tagged cells, including their axons, where it can
be visualized by histochemical staining. In the retina, the AP
staining was similar to that observed with EGFP labeling in the
Opn4Cre/+; Z/EG (Figure 1), with similar cell numbers and
morphological subtypes. We examined the distribution of AP-
positive axons in the brain to obtain an overview of the central
projections of all ipRGCs. Labeled axons were evident in the
optic nerve, chiasm and tract as well as in a number of central
visual nuclei (Figures 4A–4E). Before attributing all such axonal
labeling to retinofugal fibers, however, we had to consider non-
retinal sources, since AP was expressed in a limited number of
neurons distributed in the cerebral cortex, diencephalon, and
brainstem (Figures S4F and S4G). We examined brain sections
frommice in which both eyes had been removed 3weeks earlier,
sufficient time to ensure virtually complete degeneration of reti-
nofugal axons (Figure S4). Essentially no AP staining remained
within the retinorecipient nuclei in these animals (Figures S4A–
S4E), whereas cellular and axonal labeling persisted in most
nonvisual areas (Figures S4F and S4G). Therefore, all fiber
labeling within visual nuclei arises from AP-positive retinal
ganglion cells.
Labeled retinofugal fibers terminated in all of the previously
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Figure 4. Comparison of Retinofugal Projections of Presumed
Melanopsin-Expressing Ganglion Cells as Revealed by Two Lines
of Reporter Mice in Representative Coronal Sections
(Left column) Axons of ipRGCs revealed by alkaline phosphatase histochem-
ical labeling in Opn4Cre/+; Z/AP mice. (Right column) Axons of a subset of M1
melanopsin ganglion cells by X-gal staining in Opn4tau-LacZ/+ mice.
(A andB) The suprachiasmatic nucleus (SCN) (A) and lateral geniculate nucleus
(LGN) (B) showing the intergeniculate leaflet (IGL, dotted lines) flanked by the
dorsal LGN (dLGN, upper solid white outline) and ventral LGN (vLGN, lower
solid white outline). Labeling of the dLGN and vLGN is much more prominent
in Opn4Cre/+; Z/AP sections (left).
(C) Olivary pretectal nucleus (OPN). Whereas fiber labeling is largely restricted
to the shell of the nucleus in Opn4tau-LacZ/+mice (right), the core of the nucleus
is also strongly labeled in the Opn4Cre/+; Z/AP model (left).
(D) The posterior pretectal nucleus (PPN) contains minimal fiber labeling in
Opn4tau-LacZ/+ brains, but exhibits strong, patchy labeling in the Opn4Cre/+;
Z/AP mouse.
(E) The superior colliculus (SC) contains only a few labeled fibers in the
Opn4tau-LacZ/+ mouse, but much more extensive labeling in the Opn4Cre/+;
Neuron
Diversity of ipRGCs and Role in Pattern Visionet al., 2008; Gooley et al., 2001; Hannibal and Fahrenkrug, 2004;
Hattar et al., 2006; Hattar et al., 2002; Sollars et al., 2003),
including the SCN (Figure 4A, left), the intergeniculate leaflet
and ventral division of the dorsal lateral geniculate nucleus
(dLGN; Figure 4B, left, and Figure 5), and the OPN (Figure 4C,
left). The most comprehensive prior description of the projec-
tions of melanopsin-expressing RGCs was based on a reporter
mouse (Opn4tau-LacZ) in which a gene coding for the tau signal
peptide fused to b-galactosidase was targeted to the melanop-
sin (Opn4) gene locus (Hattar et al., 2006; Hattar et al.,
2002)(Figures 4A–4E, right). Available evidence indicates that
the X-gal staining in this mouse selectively labels M1melanopsin
cells (Baver et al., 2008; Hattar et al., 2006). In contrast, at least
five ganglion-cell types express AP in theOpn4Cre/+; Z/AP line by
virtue of melanopsin-driven Cre-mediated recombination
including displaced and bistratified ipRGCs. Comparing labeled
fiber distributions between the Opn4tau-LacZ/+ and Opn4Cre/+;
Z/AP thus provides important clues to the central targets of
non-M1 melanopsin cells. Therefore, we stained coronal brain
sections fromOpn4tau-LacZ/+ andOpn4Cre/+; Z/AP and compared
the distribution of axons labeled by the reporter proteins in
several retinorecipient nuclei of the brain (Figures 4A–4E). With
the more sensitive Cre-dependent AP labeling, we find much
more extensive axonal labeling in the dLGN (especially ventro-
medially; Figure 5), the core of the OPN, the posterior pretectal
nucleus, and the superior colliculus (SC) than that of LacZ line
(Hattar et al., 2006; Hattar et al., 2002) (Figures 4B–4E). The
accessory optic system was devoid of labeling. Further details
about these projections are provided in Supplemental Text.
We next generated a mouse permitting direct comparison of
the axonal projections of the subset of melanopsin-expressing
ganglion cells (predominantly M1 ipRGCs) labeled in the
Opn4tau-LacZ mouse (Hattar et al., 2002, 2006) with those of the
expanded set of melanopsin-expressing cell types labeled by
the cre-lox system. For this purpose, the Z/AP transgene was
unsuitable for reporting Cre expression (i.e., Opn4Cre/tau-LacZ;
Z/AP) because its lacZ cassette (Figure S1C) yields b-galactosi-
dase expression in all cells not expressing CRE, and this would
mask the b-galactosidase reporter in ipRGC axons.We therefore
used Brainbow-1.0 mice (Livet et al., 2007) to generate
Opn4Cre/tau-lacZ; Brainbow-1.0 animals, in which Cre-mediated
recombination yields expression of fluorescent proteins (FPs)
under the control of the Thy-1 promoter selectively in melanop-
sin-expressing cells (Figure S1E). In these animals, retinas ex-
pressed the Cre-reporting FPs in most of the ganglion cells
that expressed b-galactosidase (M1 ipRGCs) but in a larger
number of other ganglion cells as well (Figure 6A). Likewise,
many labeled axons in the brain were immunopositive for FPs
but not for b-galactosidase, and these arise from ipRGCs that
are non-M1 ipRGCs. In agreement with Figure 4, axons labeled
with the FPs constituted the overwhelming majority of labeled
retinal afferents in certain nuclei, including the dLGN and parts
of the vLGN (Figure 6C), the core of the OPN (Figure 6B), the
posterior pretectal nucleus and the superior colliculus. In severalZ/AP animal, especially in the stratum opticum. Dotted linemarks approximate
boundary between the superficial gray layer and stratum opticum. Scale bars,
200 mm.
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Figure 5. Charting of the Synaptic Input from ipRGCs to the LGN Complex
Charting of alkaline-phosphatase-positive retinal fibers in the lateral geniculate nucleus, as seen at five coronal levels, shows substantial innervation of the dLGN
from ipRGCs. The section in (A) is most rostral, (E) most caudal. dLGN, dorsal lateral geniculate; eml, external medullary lamina; fi, fimbria; H, hippocampus; ic,
internal capsule; IGL, intergeniculate leaflet; LP, lateral posterior nucleus;MG,medial geniculate nucleus; ot, optic tract; Po, posterior nuclei; Rt, thalamic reticular
nucleus; st, stria terminalis; vLGN, ventral lateral geniculate (including parvocellular [pc] and magnocellular [mc] subdivisions); VP, ventral posterior nucleus; ZI,
zona incerta.
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subregions of the vLGN, double-labeled (FP- and b-gal positive)
fibers were intermixed with axons labeled only with FPs (Fig-
ures 6C and 6D). This implies convergent inputs to these nuclei
from M1 and non-M1 ipRGCs, as anticipated for the SCN from
the findings of Baver et al. (2008). Finally, in several target struc-
tures (OPN shell [Figure 6B] and habenular region [not shown]),
virtually all axons were double labeled, suggesting that M1
ipRGCs were the only type of melanopsin-expressing ganglion
cell to innervate these nuclei. FP immunoreactivity was weak in
the fibers projecting to the OPN shell (Figure 6B), perhaps due
to low expression of Thy-1 in these M1 ipRGCs.
The extensive projections of reporter-labeled axons to the
dLGN and SC are surprising because these nuclei mediate
spatial and discriminative visual functions very different from
the non-image-forming mechanisms to which ipRGCs are tradi-
tionally linked. This prompted us to examine whether melanop-
sin-based phototransduction might support pattern vision in
the absence of functioning rods and cones. In the Visual Water
Task (Prusky et al., 2000), we assessed the visual performance
of a mouse strain in which rod and cone phototransductions
are silenced (Hattar et al., 2003), leaving ipRGCs as the only
functional photoreceptors (Gnat1/; Cnga3/ double
knockout animals; Altimus et al., 2008). TheGnat1/; Cnga3/
double knockout animals andWT animals have similar melanop-
sin expression in the retina as revealed by immunohistochem-
istry (Figure S5A) and real-time quantitative PCR (qPCR;
Figure S5B).Gnat1/ is a rod transducin knockout line that elim-
inates rod phototransduction (Calvert et al., 2000), whereas the
Cnga3/ line eliminates the cone cyclic nucleotide gated
channel causing the absence of cone phototransduction (Biel
et al., 1999). Gnat1/; Cnga3/ mice in the absence of the
melanopsin protein (triple-knockout animals; Gnat1/;
Cnga3/; Opn4/) lack circadian photoentrainment, sustained
pupillary light reflex, or direct light effects (masking responses)
on wheel running activity (Hattar et al., 2003). Gnat1/;
Cnga3/mice, which contain only ipRGCs as functional photo-
receptors, were indeed able to discriminate high-contrast, sinu-
soidally modulated gratings from uniform gray stimuli of the
same mean luminance, although they needed roughly twice as54 Neuron 67, 49–60, July 15, 2010 ª2010 Elsevier Inc.many trials as control mice to reach criterion performance
(70% correct, measured at 0.12 cycles/degree [c/d]; Figure 7D).
The acuity in the Gnat1/; Cnga3/ mice was measurable at
0.16 ± 0.002 c/d (mean ± standard error) (Figures 7C and 7E),
although it was much lower than that of wild-type animals
(C57BL/6; 0.55 ± 0.006 c/d). In addition, using cfos immunos-
taining in the visual cortex, we show that Gnat1/; Cnga3/
mice have higher cfos expression in the cortex when they are
exposed to a pattern (Figures 8A and 8B).
If the residual pattern vision inmice lacking functional rods and
cones was mediated by melanopsin, it should be abolished by
the additional deletion of melanopsin in this rod/cone functional
knockout background (triple knockouts Gnat1/; Cnga3/;
Opn4/; [Hattar et al., 2003]). Indeed, Gnat1/; Cnga3/;
Opn4/ mice were unable to reach criterion performance at
0.12 c/d, even after 405 trials (Figures 7C and 7D) and failed to
show any cfos staining in the cortex (Figures 8A and 8B). Surpris-
ingly, the triple-knockout animals (like Gnat1/; Cnga3/ and
wild-type mice) were able to discriminate between two uniform
stimuli differing markedly in luminance. In triple-knockout
animals, this ability may be traceable to the early receptor poten-
tial of rods, a very small, transient hyperpolarization caused by
charge movements triggered when light causes conformational
changes in a large numbers of photopigments molecules in rod
outer segments (Cone, 1967; Woodruff et al., 2004). This mech-
anism has been proposed to explain the very weak pupillary light
reflex in some of the triple-knockout animals (Guler et al., 2007;
Hattar et al., 2003).
In optokinetic tracking (OKT; [Prusky et al., 2004]), a measure
of reflexive retinal image stabilization, Gnat1/; Cnga3/
animals (with ipRGCs as the only functional photoreceptors) per-
formed no better than the triple-knockout animals; neither strain
tracked the drifting grating, whereas wild-type animals showed
a spatial frequency of 0.39 ± 0.001 c/d (Figure 7A). The ability
ofGnat1/; Cnga3/ animals to perform spatial visual discrim-
inations, but not to optokinetically track gratings, is consistent
with the axonal projections of reporter-labeled RGCs and pro-
vides additional evidence that rods and cones are not functional
in these animals. The terminations of ipRGCs occur within the
dLGN and SC, structures associated with visual perceptual
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Figure 6. Direct Comparison in Opn4Cre/tau-LacZ; Thy-1-Brainbow-1.0 Mice Labeling of Retinal Neurons and Retinofugal Axons by the Two
Reporters of Melanopsin Expression
Anti-b-galactosidase immunoreactivity (red fluorescence) marks M1 ipRGCs and axons; GFP-like immunofluorescence (green) labels fluorescent proteins
expressed in all subtypes of ipRGCs.
(A) Retinal whole mount. Antibody labeling reveals that the Cre-mediated reporter (green) is present in most b-galactosidase immunoreactive cells (red) but is
much more widely expressed.
(B–D) Fiber labeling in selected coronal brain sections. In the olivary pretectal nucleus (B), M1 axons, expressing b-galactosidase (red) are largely restricted to the
shell of the nucleus, whereas the fluorescent proteins (green) heavily label axons in the core as well asmore weakly double-labeling the b-gal-positive axons in the
shell. In the LGN (C), the intergeniculate leaflet contains a mixture of double-labeled axons (yellow; M1 afferents) and axons labeled only with fluorescent proteins
(green; presumably from M2, M4, and/or M5 ipRGCs). The latter are also visible in parts of the vLGN and in the dLGN. (D) The suprachiasmatic nucleus (SCN)
contains mainly double-labeled fibers, indicating that most retinal afferents originate in M1 cells, although at higher magnification some fibers singly labeled for
fluorescent proteins (green) can be seen (data not shown).
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which mediate reflexive retinal image stabilization (Douglas
et al., 2005). Together, these results indicate that melanopsin-
based phototransduction supports pattern vision in the absence
of functioning rod and cone photoreceptors.
DISCUSSION
Our findings indicate that melanopsin-based inner retinal photo-
reception is more widespread and diverse than previously
appreciated, involvingmore ganglion cell subtypes, novel central
targets, and broader functional roles. We find at least five
subtypes of ipRGCs in the mouse retina. Collectively, these
ipRGCs project to a wider array of visual nuclei than originally
identified using the Opn4tau-LacZ reporter line (Hattar et al.,
2006). Of particular interest are the muchmore extensive projec-
tions to the SC and the dLGN. Both of these nuclei are retinotopi-
cally organized and have been implicated in spatial vision rather
than in the non-image-forming photic behaviors which ipRGCshave been traditionally thought to influence. Our behavioral
findings demonstrate that mice lacking functional rods and
cones and thus reliant on ipRGCs for photoreception possess
discriminative spatial vision.
The great majority of retinal ganglion cells labeled in our Cre-
based melanopsin reporter line are intrinsically photosensitive
whether or not they are detectably melanopsin immunoreactive.
Moreover, they exhibit light responses characteristic of mela-
nopsin-based phototransduction, including sluggish onset and
slow termination. Our inability to detect melanopsin by immuno-
fluorescence in some of these cells indicates the superior sensi-
tivity of the Cre system for identifying melanopsin-expressing
ipRGCs. The strength of the photoresponses in EGFP-labeled
cells appears to correlate with the level of melanopsin expres-
sion as revealed by immunohistochemistry, with the M1 ipRGCs
exhibiting more intense immunolabeling and larger intrinsic light
response than the other subtypes (see also Schmidt and Kofuji,
2009). Except for the M1 cells, all of the ipRGC types encoun-





Figure 7. Mice inwhich ipRGCsAre the Sole
Functional Photoreceptor (Gnat1/;
Cnga3/ Animals, MO: ‘‘Melanopsin Only’’
Animals) Can Discriminate Patterns
(A) Optokinetic tracking (OKT). Spatial frequency
threshold for C57BL/6 mice (WT, n = 5; 0.392 c/
d [SEM = 0.001]) was comparable to previously
reported values (C57 mice [n = 7]; 0.397 c/d
[SEM = 0.001]), but no tracking was observed at
any spatial frequency in Gnat1/; Cnga3/
mice or in mice lacking any functional photorecep-
tors (triple knockouts Gnat1/; Cnga3/;
Opn4/; TKO).
(B) Individual movement trajectories of an
Gnat1/; Cnga3/ (MO) animal performing the
Visual Water Task (VWT). Green trajectories indi-
cate successful attempts to locate the platform
under the monitor displaying the grating (+); red
trajectories are failures.
(C) Spatial frequency thresholds (acuity) measured
in the Visual Water Task. Acuity of C57BL/6 mice
(WT, n = 5; 0.55 c/d [SEM = 0.006]) was similar
to previously reported values (C57 mice [n = 7];
0.54 c/d [SEM = 0.0005]). Acuity of Gnat1/;
Cnga3/ animals was lower but measurable at
(0.16 c/d [SEM = 0.002]; n = 9). Triple-knockout
animals (n = 7) could not perform the task, so no
threshold could be obtained.
(D) Mean number of trials required to reach crite-
rion performance in the Visual Water Task on
a discrimination between a sine wave grating
(0.12 c/d) and uniform gray of the samemean lumi-
nance. Wild-type mice (C57BL/6; n = 5) averaged
71 (SEM = 2.4) trials to achieve criterion perfor-
mance, while Gnat1/; Cnga3/ mice (n = 9)
reached the criterion in an average of 148
(SEM = 9.2) trails. The triple-knockout animals
(n = 7) failed to reach criterion in 405 trials.
(E) Raw performance as a function of spatial
frequencies for four individual C57 wild-type and
Gnat1/; Cnga3/ animals.
Error bars in (A), (C), and (D) are standard error of
the mean.
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basis of dendritic field size and, to some extent, soma size.
These include the M2 ipRGCs described by others (Baver
et al., 2008; Hattar et al., 2006; Schmidt and Kofuji, 2009;
Schmidt et al., 2008; Viney et al., 2007). We confirm that the
intrinsic light response of M2 cells is similar in form but smaller
in amplitude than that of M1 cells (Schmidt and Kofuji, 2009).
An entirely new subtype of ipRGC revealed by the present study
is a cell with large soma and wide, radiate dendritic arbor. These
cells, which we term ‘‘M4,’’ are distinguishable from M2 cells by
their more highly branched and slightly larger dendritic fields
(Figure 3), their coarser axons, and their lack of detectable
melanopsin immunoreactivity. They resemble neurons observed
in earlier surveys of mouse RGC morphology, and termed ON
alpha, or RGA1 cells (Sun et al., 2002). They may also corre-56 Neuron 67, 49–60, July 15, 2010 ª2010 Elsevier Inc.spond to Cluster 10 (Coombs et al., 2007), Cluster 9 (Badea
and Nathans, 2004), and either Cluster 11 or Cluster 8 (Kong
et al., 2005). Finally, we also observed a smaller field bushy
type (‘‘M5’’) bearing some resemblance to the cells labeled
Cluster 3-on (Coombs et al., 2007) and Clusters 4 or 5 (Kong
et al., 2005). Both M4 and M5 cells have intrinsic light responses
of relatively low amplitude, perhaps because they express
melanopsin at low levels, as reflected in their lack of detectable
melanopsin immunoreactivity. Further work is needed to learn to
what extent these ipRGC types differ in stratification, sensitivity,
phototransduction mechanisms, synaptic inputs, or visual
response properties.
Since the M4 subtype lacks melanopsin immunoreactivity, we
wanted to address the concern that electrical coupling via gap
junctionswith other ipRGCsmay drive the intrinsic light response
Figure 8. Pattern-Induced Activation of cfos in the Visual Cortex in
WT and Gnat1/; Cnga3/ Mice, but Not in Triple-Knockout
Animals
(A) Fos-positive cells were observed in the V1 region of the visual cortex in WT
and Gnat1/; Cnga3/ (MO) mice that were exposed to a pattern for 10 min
under a 450 lux white light (Pattern), but not in animals exposed to the same
light intensity without a pattern (Control). Fos-positive cells were not observed
in triple-knockout (TKO) mice exposed to either condition. Panels to the right
are magnification of each cortical region showing either lack or presence of
nuclear cfos staining.
(B) Quantification of the data by counting the number of cfos-positive cells in
V1. Note that only WT and MO animals show significant increases compared
to control levels. Statistical analysis was carried out using unpaired student’s
t test. Error bars are standard error of the mean.
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the gap-junction-permeant tracer Neurobiotin has been included
in the pipette and have seen no evidence for tracer coupling of
other ganglion cell types. Indeed, in the extensive literature on
tracer coupling in mammalian ganglion cells, there is no prece-
dent for gap junctional contacts between RGCs belonging to
different types (i.e., ‘‘heterotypic coupling’’). A recent study
of RGC coupling surveyed >20 types of RGC and found not
one of them was heterotypically coupled to other RGC types
(Volgyi et al., 2009). In addition, a recent publication showed
weak but consistent antimelanopsin immunostaining of largeganglion-cell somata (presumptive alpha-like cells) and in their
proximal dendrites (Berson et al., 2010). This staining is abol-
ished in melanopsin knockout animals. This pattern is entirely
consistent with our suggestion that the M4 (alpha-like) cells
express melanopsin at low levels that support weak intrinsic
photosensitivity. We therefore judge it to be unlikely that the
weak photosensitivity we observe in the ‘‘alpha-like’’ M4 cells
under blockade of chemical synapses is attributable to their
gap-junctional coupling to melanopsin-expressing ipRGCs
rather than to direct photosensitivity.
With respect to central projections, our findings suggest
that these novel types of ipRGCs have a complex pattern of
central distribution partially overlapping that of M1 ipRGCs, as
inferred from the distribution of axonal b-galactosidase in the
Opn4tau-LacZ mouse (Hattar et al., 2002, 2006). In the SCN and
IGL, both key nuclei in central circadian mechanisms, fibers
from M1 and non-M1 ipRGCs appear intermixed. In contrast,
M1 ipRGCs appear to constitute the predominant (if not the
only) source of input to the habenular region and shell of the
OPN, whereas non-M1 ipRGC axons greatly outnumber M1
afferents in the dLGN, SC, posterior pretectal nucleus, and
core of the OPN.
The shell of the OPN appears to be the critical link between the
retina and the pupillomotor output (Baver et al., 2008; Prichard
et al., 2002). Thus the present data suggest that M1 ipRGCs
may be the major and possibly the sole source of retinal drive
to the pupillary light reflex (Guler et al., 2008). The functional
role of the inputs from non-M1 ipRGCs to the OPN core is
unknown. Theymay contribute to pupillary function, for example,
by contacting the dendrites of shell neurons extending into the
core. Alternatively, the core could be largely distinct from the
shell in its connections and functional roles.
The novel projections of melanopsin cells revealed here, and
the persistence of pattern discrimination in mice in which
ipRGCs are the only functional photoreceptors, provide the
strongest evidence to date that the influences of ipRGCs extend
well beyond the ‘‘non-image-forming’’ centers and homeostatic,
reflexive responses to ambient light. Earlier reports have
provided glimpses of such a broader role. Mice with virtually
complete disruption of outer retinal photoreception, and thus
reliant on melanopsin for photodetection, still exhibit a prefer-
ence for dark environments and can use light as a cue to avoid
shocks in a shuttle-box task (Mrosovsky and Hampton, 1997;
Mrosovsky and Salmon, 2002). There has been evidence for
projections from melanopsin expressing ganglion cells to the
superior colliculus and dLGN (Dacey et al., 2005; Hattar et al.,
2006; Morin et al., 2003), although these were very sparse in
rodents (Hattar et al., 2006). The contribution to the geniculocort-
ical pathwaymay provide a substrate for the luxotonic responses
reported in some neurons of the striate cortex (Kayama et al.,
1979). Recent findings in a human patient with a virtually
complete loss of outer retinal function suggest that melanop-
sin-based photoresponses may support the conscious appreci-
ation of light (Zaidi et al., 2007), although residual rod and cone
function in this patient cannot be entirely excluded. The low
grating acuity in mice in which ipRGCs are the only photorecep-
tors is in keeping with the low spatial density of ipRGCs relative
to other ganglion cells and the large dendritic fields (and, thusNeuron 67, 49–60, July 15, 2010 ª2010 Elsevier Inc. 57
Neuron
Diversity of ipRGCs and Role in Pattern Visionpresumably the large receptive fields) of most of the ipRGCs
identified here. The residual perceptual capacity in mice lacking
functional rods and cones is probably attributable to the projec-
tions of ipRGCs to the dLGN, especially in light of cfos activation
in the cortex; however, the ipRGC inputs to the superior collicu-
lus and pretectum could also contribute. Wild-type mice retain
the ability to discriminate patterns after ablations of the striate
cortex, albeit with substantially reduced acuity (Prusky and
Douglas, 2004), and this may involve parallel ascending visual
pathways through the tectum, visual association nuclei of the
thalamus, and extrastriate visual cortex. The superior colliculus
also plays a key role in the orientation of gaze to visual cues,
and it will be of interest in future studies to determine whether
mammals lacking functional rods and cones may retain such
orienting or other visuomotor reflexes.
Before ascribing the unexpected spatial vision in Gnat1/;
Cnga3/ animals to novel types of ipRGCs, it is important to
consider one other possible mechanism. We detected melanop-
sin-Cre-driven reporter proteins in a minority of rods and cones.
Were these cells capable of melanopsin-mediated phototrans-
duction, they could activate conventional ganglion cells inner-
vating the dLGN. We view this as unlikely because these rods
and cones lack detectable melanopsin mRNA (Provencio et al.,
2000) or melanopsin-like immunoreactivity (Figures 1D and 1G).
Moreover, melanopsin-based phototransduction in rods and
cones would presumably drive all retinofugal pathways to
some extent, and this is at odds with the complete absence of
optokinetic tracking in these animals. In contrast, this absence
of OKT in animals in which ipRGCs are the only functional photo-
receptors is readily explained if phototransduction is restricted
to ipRGCs, because these ganglion cells lack any projection to
the accessory optic system, an obligatory link between the retina
and optokinetic system.
The extensive projection to the dLGN revealed here derives
almost entirely from one or more of the inner-stratifying (non-
M1) ipRGC types and terminates in a restricted ventromedial
compartment of the nucleus strikingly similar to that innervated
by a type of OFF alpha cell (Huberman et al., 2008). This
compartment occupies the inner ‘‘core’’ region of the dLGN
(Reese, 1988), including the zone of input from the ipsilateral
eye. This adds to the growing body of evidence for laminar
segregation of input from various types of ganglion cells inner-
vating the murine dLGN (Hattar et al., 2006; Huberman et al.,
2009; Quina et al., 2005), reminiscent of the more obvious and
better characterized laminar specificity in other mammals.EXPERIMENTAL PROCEDURES
Animal Models
All mice were of a mixed background (BL/6;129SvJ) and only Z/EG mice had
a (BL/6;129SvJ;CD-1) background. Mice used in the electrophysiological
studies were heterozygous for melanopsin (Opn4Cre/+), aged 5.5–7 weeks,
and those for histological examination were 2–4 months of age at the time of
sacrifice. The detailed generation of all the animal models is provided in the
supplementary experimental procedures. Animals thatwere used in the behav-
ioral analysiswere between 4and16months. Animalswere housedand treated
in accordance with NIH and IACUC guidelines, and all animal care and use
protocols were approved by the Johns Hopkins University, Brown University,
and Weill Cornell Medical College Animal Care and Use Committees.58 Neuron 67, 49–60, July 15, 2010 ª2010 Elsevier Inc.Enucleations
To remove both eyes, mice >2 months of age were first anesthetized intraper-
itoneally with 20mL/kg Avertin. Fingers were placed on either side of the eye to
allow it to bulge, and a curved pair of scissors was gently placed between
the eye and the skin to cut the optic nerve. Bleeding was controlled by orbital
pressure. The animal was monitored over the next several days for signs of
infection. Tissuewas harvested and processed 3weeks following eye removal.
Alkaline Phosphatase Staining
Mice were deeply anesthetized with 30 ml/kg Avertin and then intracardially
perfused with phosphate-buffered saline for 3 min followed by 40 ml of 4%
paraformaldehyde. Retinas were isolated, mounted flat, and post-fixed for
30 min in 4% paraformaldehyde. Brains were removed and mounted in 3%
agarose and then cut into 200 mm sections on a vibrating microtome (Vibra-
tome 1000 Plus). Tissue was heat-inactivated for 90–120 min at 65C. Alkaline
phosphatase histochemistry was performed using NBT/BCIP tablets (Roche)
for 2–4 hr in the dark with constant shaking. Tissue was washed three times
with phosphate-buffered saline containing 0.1% Tween-20 (Sigma-Aldrich),
fixed 3 hr in 4% paraformaldehyde at 4C, then dehydrated in an ethanol
series. The following day, retinas and brain sections were cleared in a 2:1
mixture of benzyl benzoate:benzyl alcohol (Sigma-Aldrich), mounted in
clearing solution, and imaged within 2 days.
Electrophysiology
Whole-cell recordingsweremade in isolated, flat-mounted retinasaspreviously
described (Wong et al., 2005, 2007), obtained from animals 2–8 months of age.
Cells expressing EGFP were located using brief exposure to blue epifluores-
cenceexcitation fromamercury lamp.Subsequent visual guidanceof thepatch
electrode to the target cellwas thereafter conductedwith infrared transillumina-
tion. To suppress the influence of rods and cones on the inner retina, thus
revealing in isolation the intrinsic, melanopsin-driven light responses of ipRGCs
(Wong et al., 2005, 2007), we bath-applied a cocktail of metabotropic and
ionotropic glutamate receptor agents. This included L-AP4 (L-[+]-2-amino-
4-phosphonobutyric acid, a metabotropic glutamate receptor agonist), AP5
(D-[–]-2-amino-5-phosphonopentanoic acid, an NMDA receptor antagonist),
and DNQX (6,7-dinitroquinoxaline-2,3-dione, an AMPA/kainite receptor antag-
onist). For voltage clamp recordings, holding potential was70mV; for current
clamp recordings, restingpotentials, after correction of liquid junction potential,
ranged from 72 to 62 mV. Diffuse light stimuli, generated by the micro-
scope’s 100W tungsten-halogen lamp and transillumination optics, reached
the retina through the coverslip forming the floor of the recording chamber
using. The irradiance of the unattenuated stimulus (i.e., 0 log I) was 2.3 3 1013
photons cm2 s1 at the ganglion cell layer, sampled at 480 nm (see Wong
et al., 2005 for methods). A logic-controlled shutter regulated stimulus timing.
To visualize themorphologyof recordedcells, theywere filled through thepatch
pipettewith Lucifer Yellow or Neurobiotin, fixed, processed (for Neurobiotin fills
only) with Alexa 488-tagged streptavidin, and counterstained for melanopsin-
like immunoreactivity (details about dye filling using sharp electrodes are found
in Supplemental Experimental Procedures).
Measuring Acuity in the Visual Water Task
Apparatus and methodology were similar to that previously reported (Prusky
et al., 2000). In brief, a trapezoidal-shaped pool was formed into a Y-maze
by inclusion of a midline divider at the wide end. A computer monitor lay at
the end of each arm, behind a glass wall. Water was added to the tank to a
depth sufficient to submerge a platform, which was placed directly below
the monitor displaying the positive (+; reinforced) stimulus. No platform was
located below the monitor displaying the negative (; nonreinforced) stimulus.
Animals were trained to discriminate reliably between monitors by swimming
to the monitor displaying the reinforced stimulus and escaping the water by
mounting the platform. The left/right position of the reinforced and nonrein-
forced stimuli were varied randomly except that the reinforced stimulus never
remained in the same position formore than three trials. Trials were considered
incorrect if animals swam beyond the end of the divider into the nonreinforced
side of the maze. Visual stimuli were generated with, and experiments con-
trolled by, custom software (Vistaª, CerebralMechanics, Lethbridge, Canada)
running on a G3 Apple Macintosh.
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a stationary, vertically oriented sine wave grating (reinforced; maximum
white = 74 cd/m2; minimum black = 0.032 cd/m2) from gray of the same
mean luminance (nonreinforced; 43 cd/m2). All light intensities were measured
with a light meter from the position of the choice plane located at the end of
the divider (Figure 7B) where animals make their choices. We made sure that
the luminance from the gray and sinusoidal screens were exactly the same
(equiluminescent). The reason themean is not halfwaybetween 74and0cd/m2
is the fact that ‘‘black’’ is not 0 cd/m2, due to the properties inherent to the
monitor. Following training, the threshold tomake thediscriminationwasdeter-
mined by systematically increasing the spatial frequency of the reinforced
stimulus over a series of interleaved trials until animals made fewer than seven
correct responses in a block of 10 trials, at least three times. For a grating of
0.1 cycles/degree, three or four grating cycles were visible on the 17-in
monitor (We do not display partial cycles but only full cycles on the screen;
i.e., when we increase the spatial frequency of the stimuli, we do so by incre-
mentally adding one cycle at a time. Thus, the stimuli vary only in spatial
frequency). A minimum of 20 trials was run at each spatial frequency tested.
Acumulativenormal curvewasfit toaplot of thedata, and thepoint on thecurve
that intersected with 70% correct was adopted as the threshold. To measure
the ability to make a discrimination based on luminance (black versus white),
micewere trained as above to discriminate amonitor displaying black (nonrein-
forced; 0.032 cd/m2) from a monitor displaying white (reinforced; 74 cd/m2).
Measuring the Spatial Frequency Threshold for Optokinetic
Tracking
Apparatus and methodology were similar to that previously reported (Prusky
et al., 2004). A vertical sine wave grating was projected as a virtual cylinder
in 3D coordinate space on computer monitors surrounding a testing arena.
We tested nine different light intensities (54, 29, 15, 8, 4, 2.5, 2, 1.5, and
1 lux) ranging from photopic all the way to scotopic light levels. Full details
of this procedure are provided in the supplementary experimental procedures.
Pattern Presentation Induces cfos in the Visual Cortex
WT, Gnat1/; Cnga3/ (MO), and Gnat1/; Cnga3/; Opn4/ (TKO) mice
(n = 8, 8, 6, respectively) were housed in a 12:12 light-dark cycle, and the
experiment took place from ZT13 to ZT16 for wild-type and MO animals
(TKO animals free run and their circadian time was not determined for these
experiments). Control mice (n = 4, 4, 3, respectively) were removed from their
home cage in the dark and placed in a 8.500 3 8.500 room with black walls.
Experimental (Pattern) mice (n = 4, 4, 3, respectively) were placed in a room
with the same dimensions but the walls had an alternating black and white
bars (0.300 in width). Once in the room, a light (450 lux) was turned on for
10 min. Following this, the light was turned off and the mouse was returned
to its home cage. Eighty minutes later, mice were deeply anesthetized with
Avertin and perfused transcardially with 0.1 M phosphate buffer followed by
4% PFA. Brains were removed and postfixed overnight in 4% PFA. After cry-
oprotection with 30% sucrose, brains were sectioned (40 mm) through the ros-
trocaudal extent of V1 on a cryostat and every sixth section was processed
immunohistochemically for cFos (see antibody staining in the supplementary
experimental procedures).
Real-Time Quantitative PCR
RNA was extracted from retinas of WT and melanopsin-only mice using the
RNeasyMini Kit (QIAGEN). RETROscript kit (Ambion) was used to reverse tran-
scribe poly(A) RNAs. Real-time qPCR was performed with iQ SYBR Green
Supermix and iCycler iQ real-time PCR detection system (Bio-Rad). Each
sample was analyzed in triplicate reactions of 50 ml. Primers for melanopsin
are forward: GGGTTCTGAGAGTGAAGTGG, reverse: AAGAGGCCTTGAGTT
CTCC. Primers for our control (GAPDH) are forward: TTCACCACCATGGAG
AAGGC, reverse: GGCATGGACTGTGGTCATGA.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Figures, Text, and Experi-
mental Procedures and can be found online at doi:10.1016/j.neuron.2010.
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